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Highlights 29 
x Superparamagnetic palygorskite nanocomposite was synthesized and characterized 30 
x The nanocomposite adsorbed up to 63% more Pb2+ than palygorskite 31 
x Easy magnetic separation of spent adsorbent was achieved within 60 to 120 sec 32 
x EDTA performed the best to regenerate the spent adsorbent  33 
x Magnetic susceptibility after 3 cycles of use reduced only slightly  34 
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Abstract 35 
A palygorskite-iron oxide nanocomposite (Pal-IO) was synthesized in situ by embedding 36 
magnetite into the palygorskite structure through co-precipitation method. The physico-37 
chemical characteristics of Pal-IO and their pristine components were examined through 38 
various spectroscopic and micro-analytical techniques. Batch adsorption experiments were 39 
conducted to evaluate the performance of Pal-IO in removing Pb(II) from aqueous solution. 40 
The surface morphology, magnetic recyclability and adsorption efficiency of regenerated Pal-41 
IO using desorbing agents HCl (Pal-IO-HCl) and ethylenediaminetetraacetic acid disodium 42 
salt (EDTA-Na2) (Pal-IO-EDTA) were compared. The nanocomposite showed a 43 
superparamagnetic property (magnetic susceptibility: 20.2 emu g-1) with higher specific 44 
surface area (99.8 m2 g-1) than the pristine palygorskite (49.4 m2 g-1) and iron oxide (72.6 m2 45 
g-1). Pal-IO showed a maximum Pb(II) adsorption capacity of 26.6 mg g-1 (experimental 46 
condition: 5 g L-1 adsorbent loading, 150 agitations min-1, initial Pb(II) concentration from 10 47 
to 500 mg L-1, at 25°C) with easy separation of the spent adsorbent. The adsorption data best 48 
fitted to the Langmuir isotherm model (R2=0.9995) and pseudo-second order kinetic model 49 
(R2=0.9945). Pb(II) desorption using EDTA as the complexing agent produced no 50 
disaggregation of Pal-IO crystal bundles. and was able to preserve WKHFRPSRVLWH¶V magnetic 51 
recyclability. Pal-IO-EDTA exhibited almost 64% removal capacity after three cycles of 52 
regeneration and preserved WKHQDQRFRPSRVLWH¶Vstructural integrity and magnetic properties 53 
(15.6 emu g-1). The nanocomposite holds advantages as a sustainable material (easily 54 
separable and recyclable) for potential application in purifying heavy metal contaminated 55 
wastewaters. 56 
 57 
Key words: Palygorskite-iron oxide nanocomposite; Magnetic separation; Lead 58 
contamination; Desorption; Regeneration 59 
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1. Introduction 60 
The heavy metal lead (Pb) ranks second in the Substance Priority List compiled by the 61 
Agency for Toxic Substances and Disease Registry (ATSDR) (ATSDR, 2015), which 62 
indicates the serious health and the environmental risk of this metal. Anthropogenically 63 
Pb(II) can occur in water sources through leaching and improper discharge from aging 64 
plumbing infrastructure, smelting activities, e-waste recycling and mining industries (Harvey 65 
et al., 2015; Yoshida et al., 2016). The Pb(II) contamination of water and soil remains a 66 
challenge primarily for less-developed countries due to the ineffective infrastructure, less 67 
stringent regulation and high costs associated with its remediation (Naidu, 2013; Yoshida et 68 
al., 2016).  69 
Recently, engineered magnetic iron-based  adsorbents for removing heavy metals from water 70 
received special interests due to their high specific surface area, less toxicity than other 71 
magnetic nanoparticles, and superparamagnetic properties (Ambashta and Sillanpää, 2010; 72 
Brigante et al., 2016; Su, 2017). Despite their efficiency and promising application in 73 
adsorbent separation, the key challenges for these iron-based materials lie on ensuring a cost-74 
effective preparation method, addressing the aggregation issues and understanding their 75 
environmental fate (Xu et al., 2012; Su, 2017). To reduce the cost of synthesis and provide an 76 
environmentally friendly approach, magnetic adsorbents prepared from natural resources like 77 
biochar (Han et al., 2016), starch (Xiang et al., 2016) and clay minerals (Tian et al., 2016) 78 
were reported. However, the functionalization of magnetic composites with clay minerals is 79 
important to cater the challenges even better GXHWRFOD\V¶HDV\DYDLODELOLW\VWDELOLW\ORZ80 
toxicity, and high affinity towards various water contaminants, such as pesticides, phenolic 81 
compounds, industrial dyes and heavy metals (Murray, 2006; Sarkar et al., 2012). In water 82 
treatment processes, magnetic-clay composites could also increase their contaminant 83 
adsorption efficiencies, and address issues related to spent adsorbent separation, which is 84 
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often encountered while using unmodified clays (Chen et al., 2016b). A huge focus was given 85 
previously towards the structural modification of magnetic clay nanocomposites for 86 
enhancing their adsorption efficacy (Pan et al., 2011; Tian et al., 2016). However, an 87 
assessment on the magnetic recyclability of the composites was rather inadequate. The fate 88 
and stability of magnetic particles in enduring the adsorption-desorption and recycling 89 
process has been scarcely studied. It is still unclear how the magnetic adsorbents evolve 90 
during the regeneration process and whether one can use those spent materials (after multiple 91 
cycles of reactions) for further removal of contaminants. The saturation magnetization (Ms) 92 
and magnetic coercivity (Hc) are important parameters for the environmental remediation 93 
application of magnetic adsorbents. The Ms and Hc, respectively, represent the magnetic 94 
strength and the ability of a magnetic material to resist de-magnetization. While a high Ms 95 
value indicates a strong magnetic interaction, a low magnetic coercivity means the material 96 
would be readily separated (precipitated) from the suspension upon exposure to an external 97 
magnetic field. The separated material can then be re-dispersed as a colloidal suspension once 98 
the external magnetic field is removed. Superparamagnetic materials have a negligible 99 
remanence and coercivity value that allow a rapid response to the applied external magnetic 100 
field. This is desirable for an efficient magnetic separation of spent adsorbent (Mahdavian 101 
and Mirrahimi, 2010). 102 
,QDGGLWLRQXQGHUVWDQGLQJWKHFOD\¶VUROHLQSUHVHUYLQJWKHPDJQHWLFVXVWDLQDELOLW\RIWKH103 
FRPSRVLWHUHTXLUHVFDUHIXODWWHQWLRQIRUHQGRZLQJWKHPDWHULDO¶VSUDFWLFDODSSOLFDWLRQLQZDWHU104 
treatment. Therefore, this research attempts to understand the clay-iron oxide structural 105 
integration and how they cooperatively contribute in the Pb(II) adsorption and regeneration 106 
studies. The influence of desorbing agent and magnetic recyclability were studied through the 107 
measurement of magnetic properties, structural morphology and analytical approaches. The 108 
broader aim of this research is to develop a magnetic clay composite as a tool for remediating 109 
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heavy metals from contaminated wastewaters. Palygorskite, an abundant clay mineral in 110 
Australia, was used in this study instead of more commonly used smectite. Natural 111 
palygorskite is inexpensive (costs approximately US$0.20 kg-1), has elongated chain or lath-112 
like particles, and contains high specific surface area suitable for the preparation of 113 
adsorbents and barrier materials (Murray, 2006). 114 
 115 
2. Materials and methods 116 
2.1 Materials and reagents 117 
Palygorskite originating in Western Australia was purchased from Hudson Resource Pty. 118 
Ltd., Australia, lead (II) nitrate (Pb(NO3)2) and ammonium hydroxide (NH4OH, 25% v/v) 119 
from Fisher Scientific (United Kingdom), iron (III) chloride hexahydrate (FeCl3.6H2O) from 120 
Chem-Supply (Australia), iron (II) chloride tetrahydrate (FeCl2.4H2O) from Sigma-Aldrich 121 
(Germany), and ethylenediaminetetraacetic acid disodium salt (EDTA- Na2) from Sigma-122 
Aldrich (United States). All other reagents were of analytical or laboratory grade. 123 
 124 
2.2 Preparation of palygorskite-iron oxide (Pal-IO) nanocomposite 125 
A co-precipitation method (Pan et al., 2011) with some modifications was used to prepare the 126 
palygorskite-iron oxide nanocomposite (Pal-IO). An initial mass ratio of 2:1 of 127 
palygorskite:iron oxide was chosen. FeCl3.6H2O (4.72 g) was dissolved in 180 mL Milli-Q 128 
water UHVLVWLYLW\0ȍFPfollowed by the addition of 4.2 g palygorskite (Pal) into the 129 
solution. The Pal-Fe3+ aqueous suspension was ultra-sonicated for 30 min and transferred to a 130 
3-necked bottle with continuous mixing for 3 h at 25°C. Then FeCl2.4H2O (1.72 g) was 131 
added into the above suspension under continuous N2 flow (50 mL min-1). The temperature 132 
was increased to 80°C and then 10 mL of NH4OH (25% v/v) was added drop-wise to the Pal-133 
Fe3+-Fe2+ suspension with vigorous stirring for 30 min. The black precipitate product (Pal-IO) 134 
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was separated via centrifugation and washed thoroughly with Milli-Q water and ethanol until 135 
the pH of the supernatant became neutral (~pH 7). The Pal-IO precipitate was dried at 110°C 136 
for 3 h, grinded with pestle and mortar, DQGVLHYHGWRREWDLQSDUWLFOHVL]HȝP. For 137 
comparison purpose, iron oxide (IO) was also synthesized using the same procedure without 138 
the addition of palygorskite.  139 
 140 
2.3 Material characterization 141 
The surface morphology was examined by using a FEI Quanta 450 FEG Environmental 142 
Scanning Electron Microscope (SEM) at High Vacuum (HV) mode using an Everhart-143 
Thornley detector. The sample was carbon coated (30 nm) using a QUORUM Q150T E 144 
Carbon Coater. The Transmission Electron Microscope (TEM) images were collected using a 145 
JEOL JEM-2100F-HR transmission electron microscope with accelerating voltage of 200 kV. 146 
The powder X-ray Diffraction (XRD) patterns were collected on a PANalytical Empyrean X-147 
ray diffractometer using CuKĮ radiation Ȝ 1.5406 Å) operating at 40 mA and 40 kV with a 148 
VWHSVL]HRI7KHSDWWHUQVZHUHUHFRUGHGIURPWRșE\XVLQJDIL[HG149 
divergence slit and 0.50° anti-scatter slit. For the Fourier Transform Infra-Red (FTIR) 150 
analysis, a 1:200 (w/w) ratio of sample: KBr was used for the pallet preparation. The spectra 151 
were collected using an Agilent Cary 600 series spectrometer (Agilent Technologies) in the 152 
range of 4000±400 cm-1 by the co-addition of 16 scans with a resolution of 8 cm-1.The 153 
specific surface area (SSA) and pore size distribution were determined by BET (Brunauer±154 
Emmett±Teller) and BJH (Barrett-Joyner-Halenda) methods, respectively, through N2 gas 155 
adsorption-desorption experiments on a Micromeritics Gemini 2380 Surface Area Analyzer. 156 
The zeta potential values of the adsorbents in aqueous suspension (0.01% m/v) were 157 
measured on a zeta potential analyzer (NicompTM 380 ZLS, USA). The thermo gravimetric 158 
analysis (TGA) was conducted on a Mettler Toledo Thermogravimetric Analyzer (TGA/DSC 159 
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1 model) equipped with STARe system with heating rate of 10°C miní1 from 25 to 950°C 160 
under N2 environment (50 mL miní1). Magnetic measurement was conducted using a 161 
Vibrating Sample Magnetometer (VSM) supplied by Princeton Measurement Corporation 162 
(MicroMagTM Model 3900 Series). The measurement was conducted in triplicates at 27°C 163 
with applied field of 1 Tesla and averaging time of 100 to 200 ms.   164 
 165 
2.4 Adsorption experiments  166 
Aqueous solutions of Pb(II) with required concentrations (10, 20, 50, 100, 200, 300 and 500 167 
mg L-1) were prepared by dissolving Pb(NO3)2 in Milli-Q water followed by subsequent 168 
dilutions. These concentrations were within the typical Pb concentration ranges found in 169 
contaminated acid mine drainage water (Lottermoser, 2010). Batch adsorption experiments of 170 
palygorskite-iron oxide nanocomposite (Pal-IO), pristine palygorskite (Pal) and iron oxide 171 
(IO) were conducted (experimental condition: 25°C, pH 5, 5 g L-1 adsorbent loading, 150 172 
agitations per min, contact time of 12 h) in capped polypropylene tubes at a pre-determined 173 
Pb(II) concentration. The kinetic adsorption experiments were conducted under similar 174 
conditions, with 1 mL aliquot being taken out from the suspension at pre-determined time 175 
intervals for Pb(II) concentration measurement.   176 
After each completed adsorption reaction, the supernatant of Pal-IO and IO were retrieved by 177 
the magnetic separation process (using a bar magnet) followed by filtration through a 0.45 178 
ȝPPHPEUDQHILOWHU. For palygorskite, the suspension was centrifuged at the relative 179 
centrifugal force (RCF) of 1512 x g for 10 min before the membrane filtration. The initial and 180 
equilibrium concentrations were determined using an Inductively Coupled Plasma Optical 181 
Emission Spectrometer (ICP-OES) (Perkin Elmer, Optima 5300V) in duplicates and the mean 182 
value was reported. Adsorption of Pb(II) on the walls of the polypropylene tube was 183 
negligible. 184 
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The amount of Pb(II) adsorbed onto the adsorbent was calculated using Eq. 1: 185 
m
V )C(Cq eie
 «««««««««««(T 186 
where, qe is the amount of  metal adsorbed at equilibrium (mg g-1), Ci and Ce are the initial 187 
and equilibrium metal concentrations (mg Lí1), respectively, V is the volume (L) of the 188 
solution, and m is the mass (g) of the adsorbent.  189 
 190 
2.5 Adsorbent regeneration studies 191 
The Pb(II)-loaded adsorbent obtained from the adsorption experiment with 100 mg L-1 Pb(II) 192 
was first separated from the supernatant. The spent adsorbent was then dispersed (5 g L-1 193 
loading rate) into either EDTA-Na2 or HCl solutions (both 0.01 M) and agitated (150 194 
agitations per min) for 30 min on a reciprocating shaker. Afterwards the adsorbent was 195 
thoroughly washed (3 times) with Milli-Q water until the pH of the wash-out water reached 196 
the range of 6.0±6.5 and no Pb(II) was detected in the wash-out solution as determined by 197 
ICP-OES. Then, the adsorbent was re-used for the subsequent adsorption cycle as described 198 
previously (Section 2.4). The desorption percentage was calculated by using Eq. 2: 199 
100
adsorbed Pb ofAmount 
desorbed Pb ofAmount (%) Desorption u ««««««(T 200 
 201 
3. Results and discussion 202 
3.1 Characterization of Pal-IO nanocomposite 203 
The morphology of bare iron oxide (IO) particles was almost spherical, homogenous and 204 
fairly well dispersed (Fig. 1a). The formation of iron oxide, for example, magnetite (Fe3O4), 205 
usually involves the nucleation and growth process, but recently a rapid agglomeration of the 206 
primary particles was also reported (Baumgartner et al., 2013). In the magnetic palygorskite 207 
(Pal-IO), the spherical iron oxide particles were observed to accumulate along the fiber and 208 
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platy edge of the palygorskite (Fig. 1b and c). The precursor iron (Fe3+/Fe2+) supplied during 209 
the synthesis reaction was assumed to diffuse along the negatively charged plane of 210 
palygorskite. Since the palygorskite holds a permanent negative charge, the Coulombic 211 
attraction would have driven the electrostatic interaction between the surface functional 212 
groups of palygorskite and the oppositely charged Fe3+/Fe2+ ions (Tombácz et al., 2001; Lee 213 
et al., 2010) forming a crosslinking reaction between the clay surface and Fe (Chen et al., 214 
2016a). Thus, upon alkali addition (concentrated OH-), the nucleation, growth and 215 
agglomeration of iron oxide would occur primarily along the surface of palygorskite. The 216 
estimated dimension of iron oxide particles in Pal-IO obtained through TEM images (Fig. 1c 217 
and d) was between 15 to 25 nm. Although the fibrous particles of palygorskite were 218 
randomly oriented, they still existed as bundles (approximate width: 100 to 130 nm) having 219 
individual tubules (20 to 30 nm width) placed parallel to each other (Fig. 1c and 1d). These 220 
observations showed that the strong interactions among the palygorskite particles were 221 
preserved and their fiber-bundle design ensured a strong adherence towards the iron oxide 222 
nanoparticles. 223 
 224 
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 225 
Fig. 1: SEM (a-b) and TEM (c-d) images of iron oxide and palygorskite-iron-oxide 226 
nanocomposite; (a) iron oxide, (b-d) palygorskite-iron oxide nanocomposite 227 
 228 
The specific surface area (SSA) of the nanocomposite (Pal-IO) was significantly higher (99.8 229 
m2 g-1) than the pristine materials (49.4 and 72.6 m2 g-1 for Pal and IO, respectively). All the 230 
materials exhibited a type IV adsorption profile (IUPAC classification) corresponding to 231 
mesoporous materials (Fig. 2a) (Sarkar et al., 2015). Both the palygorskite and Pal-IO had a 232 
hysteresis loop (H3 type) associated with the parallel plates or slit-shape pores (Sarkar et al., 233 
2015), while iron oxide (IO) exhibited a H1 type loop with almost a consistent pore volume 234 
distribution (Fig. 2b). The increase of surface area and pore volume in Pal-IO was due to the 235 
leaching of cations and impurities from the clay matrix in the acidic Fe3+/Fe2+ suspension (pH 236 
2.2) (Section 2.2) that caused the rearrangement of clay mineral¶VSRURVLW\ 237 
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 238 
 239 
Fig. 2: N2 adsorption-desorption isotherms (a), BJH pore size distribution (b), and 240 
magnetization curve (c) of palygorskite (Pal), iron oxide (IO) and palygorskite-iron oxide 241 
nanocomposite (Pal-IO). Inset in Fig.2 (c) is for palygorskite 242 
 243 
The complete separation of Pal-IO from the suspension using Alnico magnet bar was 244 
generally fast (within 60 to 120 sec). The plot of Ms (emu g-1) against the applied magnetic 245 
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field (Oe) of the iron oxide and Pal-,2SURGXFHGDQ³6´VKDSHGPDJQHWLFK\VWHUHVLVORRSZLWK246 
a near zero remanence and coercivity (Fig. 2c), which confirmed a superparamagnetic 247 
characteristic of the material (Tsuzuki et al., 2011). The bare iron oxide (IO) had the Ms value 248 
of 54.2 ± 2.5 emu g-1. The slightly lower Ms value of the synthesized IO as compared to the 249 
bulk magnetite (Fe3O4RUPDJKHPLWHȖ-Fe2O3) (92 and 87 emu g-1, respectively) could be 250 
due to the formation of a thin layer of magnetically disordered shell on the nanoparticle 251 
surface (Tsuzuki et al., 2011). A Ms value of 20.2 ± 2.3 emu g-1 was recorded for the Pal-IO 252 
nanocomposite, which was higher than the recommended value for the conventional magnetic 253 
separation of a spent adsorbent (16.3 emu g-1) (Ma et al., 2005). Meanwhile, palygorskite 254 
(Fig. 2c) was almost diamagnetic due to an extremely small magnetic saturation. The 255 
measured Hc for palygorskite and Pal-IO was 21.4 ± 3.1 and 18.8 ± 0.1 Oe (k A m-1), 256 
respectively. The bare IO had a negligible Hc value. The appreciable decrease in the Ms value 257 
of Pal-IO as compared to the bare IO was due to the contribution of the nonmagnetic 258 
substance (palygorskite) (Liu et al., 2014). 259 
The characteristic XRD reflections oISDO\JRUVNLWHZHUHREVHUYHGDWș  (10.39 Å), 260 
19.6° (4.52 Å) and 24.9° (3.57 Å) WRJHWKHUZLWKWKHSUHVHQFHRINDROLQLWHDWș  (7.19 261 
cDQGTXDUW]DWș  (4.27 Å) and 26.4° (3.37 Å) (Fig. 3a) (Sarkar et al., 2015). The 262 
sharp reflection aWș )LJDZDVGHVLJQDWHGWRGRORPLWHFDOFLXPPDJQHVLXP263 
carbonate) which was an impurity in the clay mineral sample. The synthesized iron oxide 264 
VKRZHGUHIOHFWLRQVDWșSRVLWLRQVRIDQG)LJD265 
which respectively corresponded to (220), (311), (400), (422), (511) and (440) reflection 266 
planes of magnetite (Pan et al., 2011; Chen et al., 2016a). These diffraction patterns were in 267 
good agreement with the International Center for Diffraction Data (ICDD) reference pattern 268 
of magnetite (Fe3O4) (ICDD File No. 04-008-8146). In Pal-IO (Fig. 3a), a slight broadening 269 
of the (100) reflection of SDO\JRUVNLWHș  occurred, which suggested a mild reduction 270 
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in the palygorskite crystallinity due to their interaction with the iron oxide. Nevertheless, the 271 
presence of all the characteristic palygorskite and Fe3O4 reflections in the Pal-IO diffraction 272 
pattern (Fig. 3a) signified the successful deposition of the magnetic nanoparticles on the 273 
palygorskite in Pal-IO.  274 
In FTIR spectrum of palygorskite, (Fig. 3b), the ±OH stretching vibration of Mg/Fe±OH 275 
(3695 cm-1 and 3545 cm-1), Al2-OH (3618 cm-1), Al-Al-OH (910 cm-1) and Al-Mg-OH (880 276 
cm-1) represented the characteristic bands of this clay mineral (Madejová and Komadel, 2001; 277 
Suárez and García-Romero, 2006). The silica structural confirmation appeared at 1030 cm-1 278 
(Si-O-Si asymmetric stretching), 790 cm-1 (Si-O-Si symmetric stretching) and 471 cm-1 (Si-279 
O-Si bending) bands. Meanwhile, the band at 578 cm-1 in the spectra of IO (magnetite) (Fig. 280 
3b) corresponded to the stretching vibration of Fe-2WRJHWKHUZLWKDVPDOOPDJKHPLWHȖ-281 
Fe2O3) band at 628 cm-1 (Namduri and Nasrazadani, 2008). The signature band positions that 282 
corresponded to the palygorskite and iron oxide were present in the FTIR spectrum of Pal-IO 283 
(Fig. 3b). However,  the bands at 1450 cm-1 (C=O, carbonate impurity) (Gunasekaran et al., 284 
2006) , 3545 cm-1 (Mg-OH stretching), and 880 cm-1 (Al-Mg-OH bending) were diminished.  285 
 286 
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 287 
Fig. 3: Characteristic features of palygorskite (Pal), iron oxide (IO) and palygorskite-iron 288 
oxide nanocomposite (Pal-IO): (a) XRD patterns, (b) FTIR spectra, (c) TGA profiles and (d) 289 
DTGA profiles. (p = palygorskite, k = kaolinite, q = quartz, d = dolomite, m = magnetite) 290 
 291 
In TGA, the magnetic nanocomposite (Pal-IO) displayed an 8.5% weight loss in the 292 
temperature range from 40 to 950°C (Fig. 3c) against 4% and 18% weight loss by bare iron 293 
oxide (IO) and pristine palygorskite (Pal), respectively. The palygorskite showed five 294 
pronounced endothermic weight loss steps (Fig. 3d): step 1 (4% loss with a peak at 65°C), 295 
step 2 (0.73% loss with a peak at 200°C), step 3 (9.8% loss with a peak at 503°C), step 4 296 
(1.97% loss with a peak at 635°C) and step 5 (0.94% loss with a peak at 760°C). The step 1 297 
was ascribed to the loss of surface-adsorbed and some zeolitic water. The step 2 was assigned 298 
to the elimination of the remaining zeolitic water. The dehydration and loss of the bound 299 
water were assigned to step 3 (Cheng et al., 2011). The step 4 and step 5 could possibly 300 
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correspond to the dolomite or calcite decarbonation (Guggenheim and Groos, 2001; Cheng et 301 
al., 2011) and dehydroxylation of structural Mg-OH groups (Frost and Ding, 2003), 302 
respectively. In Pal-IO, only three weight loss steps were observed (peaks at 48°C, 180°C and 303 
465°C) (Fig. 3d), which corresponded to the elimination of various types of waters either 304 
from the palygorskite exterior surface or internal structure, as explained above for pristine 305 
palygorskite. The disappearance of peaks at step 4 and 5 in Pal-IO thermogram suggested 306 
dolomite/calcite decarbonation and dehydroxylation, respectively (as also observed in case of 307 
pristine palygorskite).   308 
Overall findings in the characterization studies confirmed the integration of the pristine 309 
material (palygorskite and iron oxide) in Pal-IO. The composite showed better structural 310 
properties like higher SSA, more thermally stable, and better magnetic responsiveness. A 311 
successful removal of carbonate impurity from the palygorskite (as confirmed by XRD, FTIR 312 
and TGA) was achieved as a consequence of its dispersion in an acidic Fe3+/Fe2+ solution 313 
during the synthesis process. This protocol therefore was able to exclude the conventional 314 
pre-treatment steps of clay minerals (using inorganic acids like HCl or HNO3) for a greener 315 
and cost-effective synthesis. 316 
 317 
3.2 Adsorption of Pb(II) 318 
3.2.1 Adsorption isotherm  319 
The theoretical interpretation of the relationship between adsorption capacity and equilibrium 320 
concentration was done using two well-established isothermal models, namely the Langmuir 321 
and Freundlich model (Supporting Information: S1). In a preliminary experiment, the 322 
maximum Pb(II) removal by Pal-IO was achieved at pH 5 (Supporting Information: SI Fig. 323 
1), thus this pH value was used throughout the isothermal studies. The pH 5 is also a typical 324 
pH associated with contaminated waters from gold and coal mining activities (Lottermoser, 325 
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2010). The adsorption isotherm data of Pal-IO and Pal (Fig. 4a) exhibited a very sharp 326 
³HOERZ´DWWKHHTXLOLEULXPFRQFHQWUDWLRQ&e) less than 50 mg L-1 (which corresponded to the 327 
initial concentration of 10 to 200 mg L-1). It was followed by a steady increase up to Ce of 328 
100 mg L-1. The shape resembled an H type (Giles classification) isotherm associated with an 329 
almost complete adsorption due to a very high affinity of solute (Pb(II)) towards the 330 
adsorbent (Giles et al., 1960).  331 
The adsorption data for IO, Pal and Pal-IO best fitted to the Langmuir model (regression 332 
coefficient, R2 > 0.98; p < 0.05) (Table 1 and Supporting Information: SI Fig. 2), which 333 
suggested a monolayer adsorption on the active sites of each adsorbent. The palygorskite 334 
(Pal) showed the highest monolayer saturation capacity (qmax); Pal-IO had the highest KL 335 
value which demonstrated a stronger interaction of their active sites (e.g., Al-O-, Si-O- or Fe-336 
O-) with Pb(II). These findings were in accordance with the higher n value (favorability of 337 
adsorption) for Pal-IO derived from the Freundlich isothermal model (Table 1). The 338 
calculated RL values at all concentration for each adsorbent recorded a value between 0 and 1 339 
(Supporting Information: SI Table 1), which again signified a favorable adsorption reaction. 340 
 341 
Table 1: Isothermal and kinetic model fitting parameters for the adsorption of Pb(II) on 342 
palygorskite, iron oxide and palygorskite-iron oxide nanocomposite (at 25°C, under 150 343 
agitation min-1 with 5 g L-1 adsorbent loading)  344 
Model  Parameter Palygorskite Iron oxide Palygorskite-
iron oxide 
nanocomposite 
Isothermal models     
Langmuir qmax (calculated) (mg g-1) 50.8 6.00 26.7 
KL (L mg-1) 0.136 0.040 0.303 
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qmax (experimental) 
(mg g-1) 
49.2 6.10 26.6 
R2 0.9992 0.9896 0.9995 
Freundlich KF (L g-1) 6.852 1.097 6.566 
n 2.30 3.43 3.47 
qmax (calculated) (mg g-1)  37.3 1.80 16.9 
R2 0.8762 0.9831 0.8588 
Kinetic models 
Pseudo first order k1 (miní1) aNS NS 0.035 
qmax (calculated) (mg gí1) NS NS 2.8 
qmax (experimental) 
(mg g-1) 
NS NS 4.1 
R2 NS NS 0.8947 
Pseudo second 
order 
k2 (g mg-1 min-1) NS NS 0.012 
qmax (calculated) (mg gí1)  NS NS 4.4 
qmax (experimental) 
(mg g-1) 
NS NS 4.1 
R2 NS NS 0.9945 
Intra particle 
diffusion 
ki (mg g-1 min0.5) NS NS 0.2071 
R2 NS NS 0.8249 
 345 
a NS = not studied. 346 
 347 
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The adsorption profiles of the pristine palygorskite and iron oxide were useful to understand 348 
the relationship and contribution of each individual component towards the adsorption 349 
characteristic of the nanocomposite. In an aqueous system, iron oxide (magnetite) would 350 
hydrate to form a Fe-OH coating layer surrounding the particles. Depending on the pH of the 351 
aqueous solution, the Fe-OH layer could develop either a positive or negative surface charge 352 
with the available H+ or OH- (Illés and Tombácz, 2006). As the isoelectric point (IEP) of IO 353 
was 5.6 (Supporting Information: SI Fig. 3), at the given experimental conditions (pH 5), the 354 
IO had a positively charged surface below pH 5.6. Therefore, IO had less affinity to Pb(II), 355 
which further explained its poor adsorption capacity (Table 1). Furthermore, the bare iron 356 
oxide nanoparticles were prone to aggregation due to their high surface energy that later 357 
reduced the Pb(II) accessibility towards active sites (Chen et al., 2016b). Meanwhile, the 358 
pristine palygorskite showed a high adsorption capacity owing to their negative surface 359 
charge that resembled the abundance of active sites for interaction with Pb(II). In general, the 360 
adsorption of cationic metal on clay minerals can occur though both specific and non-specific 361 
adsorption. The non-specific adsorption (outer sphere complexation) involves the cation 362 
exchange reaction within the interlayer, while the specific adsorption (inner sphere 363 
complexation) often occurs through the silanol and aluminol groups at the edges of clay 364 
particles (El-Bayaa et al., 2009).  365 
In the case of Pal-IO, the nanocomposite showed an appreciable decrease in the maximum 366 
adsorption capacity (qmax) in comparison to the pristine palygorskite (Pal) (Table 1). 367 
However, when considering the KL, n and RL values (Table 1 and Supporting Information: SI 368 
Table 1), Pal-IO showed a stronger affinity towards Pb(II) as compared to both Pal and IO. 369 
As shown in the gray scale area (Fig. 4b), at initial Pb(II) concentration between 10 to 200 370 
mg L-1, Pal-IO showed a higher adsorption capacity than Pal and IO (up to 63% and 86% 371 
more, respectively). The greater adsorption capacity was contributed by the higher pore 372 
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volume of Pal-IO as compared to Pal (Fig. 2b), which allowed more Pb(II) diffusion towards 373 
the active sites of the nanocomposite. In addition, the synergic contribution of the active sites 374 
from both parent materials, e.g., silanol (Si-OH) and aluminol (Al-OH) functional groups in 375 
Pal and Fe-O- in IO, could possibly enhance the FRPSRVLWH¶V affinity towards the heavy metal 376 
cation. Clay minerals like palygorskite may have variable surface charges constituted of Si-377 
OH and Al-OH groups that are capable to adsorb metal cations through inner-sphere 378 
complexation depending on the system pH (El-Bayaa et al., 2009). Meanwhile, Fe-O- could 379 
act as a Lewis base by coordinating with Pb2+ to form inner-sphere complexes (Kumari et al., 380 
2015). At the working pH 5, partial protonation of Fe-O- to Fe-OH could also lead to both 381 
inner- and outer-sphere complexations with Pb2+ (Kumari et al., 2015). 382 
 383 
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 384 
Fig. 4: Adsorption of Pb(II) on palygorskite (Pal), iron-oxide (IO) and palygorskite-iron 385 
oxide nanocomposite (Pal-IO): (a) adsorption isotherms, (b) effect of initial Pb(II) 386 
concentration on the adsorption capacity, and (c) effect of reaction time on Pb(II) removal by 387 
Pal-IO at initial Pb(II) concentration of 50 mg L-1 at 25°C with 150 agitations min-1 and 5 g 388 
L-1 loading 389 
 390 
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3.2.2 Adsorption kinetics 391 
The pseudo-first order, pseudo-second order and intra-particle diffusion models were chosen 392 
to establish an understanding of the adsorption kinetics (Supporting Information: SI 2). The 393 
kinetic plot (Fig. 4c) showed that 42% of Pb(II) was removed in the first 10 min of the 394 
experiment, double (89%) at 60 min of reaction, and full equilibrium (~100%) after 240 min. 395 
The relatively faster reaction rate indicated a high affinity of Pb(II) towards the active sites of 396 
Pal-IO, in accordance with the observed H type adsorption isotherm (Section 3.2.1). To 397 
ensure a complete equilibrium at various initial concentrations, a 12 h equilibration time was 398 
therefore necessary. Among the three kinetic models applied, the pseudo-second order model 399 
most suited the adsorption data (R2 = 0.9945; p < 0.05), where the qmax value was consistent 400 
with the experimental value (Table 1). The fitness of the pseudo-second order model 401 
indicated that the rate limiting step of Pb(II) adsorption occurred through chemisorption (Ho 402 
and McKay, 1999).  403 
 404 
3.3 Desorption studies 405 
3.3.1 Effect of desorbing agent  406 
At given experimental conditions, the type of desorbing agent and pH was found to 407 
significantly influence the desorption of Pb(II) from Pal-IO (Table 2). The negligible Pb(II) 408 
desorption in Milli-Q water (pH 6.2) reflected the high retention ability of Pb(II) by the 409 
nanocomposite. In acidic solutions, the lower pH could enhance the metal desorption due to 410 
the leaching of cations (e.g., Fe). At 0.01 M concentration, HCl showed a higher release of 411 
Pb(II) compared to HNO3, but the trend was reversed at 0.1 M concentration. The chloride 412 
ions in HCl were able to form effective complexes with Pb(II) to assist the desorption process 413 
(Kim et al., 2011). However, at a higher acid concentration, HNO3 might cause the oxidation 414 
of magnetite (Mandel et al., 2011) in Pal-IO that likely would disrupt the FRPSRVLWH¶V 415 
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stability to hold Pb(II). The increase in pH of the acidic desorbing agent following the 416 
desorption reaction also suggested a possible cation exchange between H+ with Pb(II) at the 417 
active sites (Huang et al., 2007).  418 
 419 
Table 2: Desorption of Pb(II) from Pal-IO using various desorbing agents (standard error at 420 
0.95 confidence level) 421 
Desorbing agent  Initial pH Final 
pH 
Desorption (%) Fe leached 
(%) 
0.01 M HCl 1.96 2.21 89.2±7.23 0.57 
0.1 M HCl 1.57 4.54 75.6±1.90 2.89 
 
0.01 M NaOH 11.3 10.8 0.55±0.55 0.88 
 
0.01 M NaCl 5.16 5.99 1.20±0.02 NDb 
0.01 M NH4OAc (ammonium  acetate) 6.67 3.54 0.45±0.24 ND 
Milli-Q water 6.20 6.47 0.78±0.23 ND 
0.01 M HNO3 1.80 4.48 72.0±1.25 0.42 
 
0.1 M HNO3 1.66 4.75 90.4±1.70 2.61 
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0.01 M EDTA-Na2 8.90 4.62 95.0±3.14 
 
0.78 
 
0.1 M EDTA-Na2 9.10 4.52 95.57±0.10 0.88 
 422 
b ND = not detected. 423 
 424 
Ammonium acetate is commonly used to determine the cation exchange capacity (CEC) of 425 
clay minerals where 4NH can be easily exchanged with the cationic species present in the 426 
interlayer. A very small Pb(II) desorption by ammonium acetate in the desorption test 427 
indicated that, (i) Pb(II) might not be exchangeable with other cations at the interlayer region, 428 
and (ii) if Pb(II) was present in the interlayer, 4NH might not be able to replace Pb(II) due to 429 
some steric hindrance of 4NH  tetrahedral configuration and larger ionic radii (1.48 Å) as 430 
compared to Pb(II) (1.32 Å) (Shahbazi et al., 2013). On the other hand, smaller cations like 431 
Na+ (ionic radius of 0.95 Å) in NaCl might be easily exchangeable with Pb(II).  432 
EDTA usually showed a higher metal desorption over inorganic acids due to its ability to 433 
form strong complexation (up to six coordination indexes) via the electron rich (amidogen 434 
and carboxylic) ligand groups (Huang et al., 2007). The recorded pH reduction (Table 2) 435 
signified the release of proton (H+) from the hydroxyl groups within EDTA that were used up 436 
during Pb(II) complexation. Both 0.01 and 0.1 M EDTA-Na2 showed a high Pb(II) desorption 437 
(more than 90%). In contrast to HCl and HNO3, the amount of Fe leached out from Pal-IO 438 
using EDTA was negligible (4.41 mg L-1; <1%) even at a 0.1 M concentration (Table 2). 439 
Considering the desorptive effectiveness of Pb(II) and economic perspective, 0.01 M EDTA-440 
Na2 was preferably the best desorbing agent. However, HCl might also have some advantages 441 
in terms of cheaper cost and availability. The percentage of Fe leached from Pal-IO by 0.01 442 
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M HCl and 0.01 M EDTA-Na2 was only 0.57 and 0.78%, respectively (Table 2). Thus, the 443 
leached Fe was considered to have insignificant effect towards Pb(II) adsorption capabilities 444 
of the composite. 445 
 446 
3.3.2 Regeneration of the adsorbent 447 
The regeneration cycle of Pal-IO was carried out by using both EDTA and HCl as the 448 
desorbing agent. For better clarification, the Pb(II) loaded Pal-IO, which was desorbed by 449 
0.01 M EDTA-Na2 and 0.01 M HCl, were assigned as Pal-IO-EDTA and Pal-IO-HCl, 450 
respectively. The Pb(II) removal during desorption with EDTA was reduced by 21.3 and 451 
31.2% after the second and third cycle, respectively (Fig. 5a). A small portion of Pb(II) might 452 
strongly bind to the nanocomposite as indicated by the 97.5% desorption using EDTA in the 453 
first cycle (Fig. 5a). By making an assumption that 26.6 mg g-1 Pb(II) loading (calculated qmax 454 
based on the Langmuir model; Table 1) would make 100% monolayer coverage, the initial 455 
concentration of 100 mg L-1 would make 65% coverage at each adsorption cycle. Thus, 456 
during the second and third cycle the active sites became extensively occupied with the 457 
freshly supplied Pb(II) together with the remaining Pb(II) entrapped in the prior cycle(s). This 458 
factor thus resulted in a lower Pb(II) adsorption in the subsequent cycles. The findings were 459 
also in parallel with a slight increase in Pb(II) desorption at the second and third cycle 460 
(Fig.5a). The excess build-up of Pb(II) within the nanocomposite could stimulate its release 461 
during desorption as the saturated nanocomposite could no longer hold the additional Pb(II). 462 
Meanwhile, the adsorption-desorption cycle of Pal-IO showed a similar pattern when using 463 
HCl as the desorbing agent. However, the adsorption by Pal-IO-HCl was greatly reduced 464 
from 97% (first cycle) to 50 and 48% in the second and third cycle, respectively.  465 
 466 
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 467 
Fig. 5: Comparison on Pb(II) adsorption and desorption (in percentage) by Pal-IO using 468 
EDTA (Pal-IO-EDTA) and HCl (Pal-IO-HCl) as the desorbing agent (a), magnetic properties 469 
of fresh and spent Pal-IO nanocomposite (b), and TEM images of Pal-IO-EDTA (c) and Pal-470 
IO-HCl (d) nanocomposite after three regeneration cycles. Error bars represent the standard 471 
error at 0.95 confidence level. 472 
 473 
The findings of the adsorption-desorption cycles were correlated with the changes observed 474 
in the magnetic properties of the spent Pal-IO at three different stages; (i) before Pb(II) 475 
adsorption, (ii) after Pb(II) adsorption, and (iii) after three adsorption-desorption cycles (Fig. 476 
5b). After third regeneration cycle, Pal-IO-EDTA showed a higher magnitude of coercivity 477 
(Hc) than Pal-IO-HCl (Fig. 5b), which suggested that the solid aggregation was greater in the 478 
earlier material. It was reported that EDTA was able to produce strong complexes with iron 479 
(hydr)oxide (Fe-EDTA complexes) that simultaneously promoted their dissolution from Pal-480 
IO due to weakened surface Fe-O bonds (Norén et al., 2009). The Fe-EDTA complexes 481 
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might readsorb on the Fe-O surface as previously found in goethite (Į-FeOOH) (Norén et al., 482 
2009). Therefore, the dissolution-readsorption of Fe-EDTA complexes could possibly occur 483 
through the embedded iron oxide nanoparticles within the Pal-IO nanocomposite, which later 484 
influenced the coercivity due to the changes in surface properties and shape anisotropy (Issa 485 
et al., 2013). Each material showed almost equivalent magnetic susceptibility (Ms) with a 486 
reduction of 4.0 to 4.8 from the original value (20.2 emu g-1) (Fig. 5b). A minor loss of Ms 487 
indicated that iron oxide nanoparticles were strongly adhered to the palygorskite. This 488 
conclusion was supported by the TEM images of the spent Pal-IO (Fig. 5c and 5d). In Pal-IO-489 
EDTA (Fig. 5c), majority of the iron oxide nanoparticles were still closely adhered to the 490 
palygorskite bundles even after the three consecutive regeneration cycles. In contrast, the 491 
palygorskite fibers were seen detached from their bundles in Pal-IO-HCl (Fig. 5d) 492 
accompanied by some scattered iron oxide nanoparticles. Therefore, it could be concluded 493 
that the acidic treatment for desorption had the potential to disaggregate the particles in spent 494 
Pal-IO nanocomposite to make it more loosely packed. This observation was useful to 495 
explain the reduction in Pb(II) adsorption in the regeneration profile of Pal-IO-HCl. Acid 496 
attack on clay minerals could cause hydrolysis and dissolution of octahedral layers at the 497 
edges. Thus, repeated desorption of spent Pal-IO with HCl would possibly expedite 498 
SDO\JRUVNLWH¶V dissolution, which might lead to disaggregation of the crystal bundles of the 499 
clay mineral. Additionally, some entrapped H+ (from HCl) within the Pal-IO matrix could 500 
reduce the availability of active sites for Pb2+, and thus decrease WKHPHWDO¶VDGVRUSWLRQ in the 501 
next regeneration cycles. These hypotheses however require further investigation to prove. 502 
The overall findings demonstrated that the choice of desorbing agent influenced the magnetic 503 
recyclability and metal leaching from Pal-IO. For future prospective application of Pal-IO in 504 
waste water remediation, EDTA would be a more preferable desorbing agent over HCl, as 505 
also proposed previously (Udovic and Lestan, 2012).  506 
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 507 
3.3.3 Environmental implication  508 
The superparamagnetic Pal-IO composite described in this study could be implemented for 509 
remediating heavy metals from contaminated wastewaters in a treatment plant. Due to 510 
advantages like low costs, simple preparatory steps, high specific surface area and large 511 
adsorption capacities, Pal-IO is expected to be a promising material in removing Pb and other 512 
heavy metals (e.g., Cr and Cd) from waste waters (Kumari et al., 2015). The Pb(II) removal 513 
capacity of Pal-IO is comparable to some reported adsorbents, such as mesoporous magnetite 514 
nanospheres (Brigante et al., 2016), functionalized mesoporous silica (Shahbazi et al., 2013), 515 
and magnetic Fe3O4/halloysite composite (Tian et al., 2016). According to the existing 516 
findings, the material might fit to treat wastewaters which contain a typical Pb(II) 517 
concentration up to 200 mg L-1. +RZHYHUIXUWKHUUHVHDUFKLVQHHGHGWRDVVHVVWKHPDWHULDO¶V518 
Pb(II) removal efficiency in the presence of other co-existing heavy metals. Desorption with 519 
EDTA makes the spent material fit for potential reuse over a greater number of cycles than an 520 
acid treatment, but disposal of the Pb-EDTA might pose a secondary environmental issue 521 
because of the strong binding strength in the metal-EDTA complex. This may potentially be 522 
addressed by alkali (Kim and Ong, 1999) precipitation of the concerned solution, but further 523 
research is necessary to better understand and address these issues. 524 
   525 
4. Conclusions 526 
Palygorskite-iron oxide nanocomposite was successfully synthesized by a co-precipitation 527 
method and applied as an adsorbent of aqueous Pb(II). Pal-IO exhibited a high specific 528 
surface area (99.8 PJ), low isoelectric point (3.5) and significant magnetic susceptibility 529 
(20.2 emu g-1) that facilitated its potential application as an adsorbent for removing Pb(II). 530 
The maximum Pb(II) adsorption capacity of 26.6 mg g-1 at pH 5 was achieved for the 531 
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treatment of contaminated water containing up to 200 mg L-1 Pb(II). EDTA-Na2 was the best 532 
desorbing agent for regenerating the magnetic adsorbent with more than 90% desorption 533 
capability. Three consecutive adsorption-desorption cycles yielded more than 64% removal 534 
of Pb(II) at the end. The strong binding of iron oxide nanoparticles on palygorskite, the 535 
QDQRFRPSRVLWH¶VVXSHULRUmagnetic properties and the least leaching of iron verified the 536 
magnetic stability and recyclability of Pal-IO. The nanocomposite could emerge as a 537 
promising material for purifying wastewaters contaminated especially with heavy metal 538 
cations. 539 
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S1. Adsorption isotherm models 695 
In this study, the Langmuir and Freundlich model were used to describe the adsorption 696 
isotherm. The Langmuir model proposes the homogeneity of adsorbent surfaces where each 697 
site has equal affinity towards the adsorbate (Foo and Hameed, 2010). This model was 698 
derived with the assumption of monolayer adsorption (one molecule thickness) having 699 
identical interaction between the adsorbed molecules.  700 
The linearized form of Langmuir equation can be represented by the following equation (Eq. 701 
1): 702 
max
e
Lmaxe
e
q
C
Kq
1
q
C  
««««««««««««««(T1  703 
where, Ce is the equilibrium concentration of remaining metal in the solution (mg L-1), qe is 704 
the amount of a metal adsorbed per unit mass of adsorbent at equilibrium (mg gí1), qmax is the 705 
amount of adsorbate at complete monolayer coverage (mg g-1), and KL (L mg-1) is the 706 
Langmuir constant. 707 
The Langmuir equation can also be expressed in terms of a dimensionless constant called the 708 
separation factor (RL). The RL value indicates the favorability of the adsorption process and is 709 
calculated according to the following equation (Eq. 2): 710 
Lm
L KC1
1R  «««««««««««««««Eq.2  711 
where, Cm is the maximal initial adsorbate concentration (mg L-1). RL value between 0 and 1 712 
will indicate a favorable adsorption, at RL > 1 the reaction is unfavorable and when RL= 0  it 713 
showed irreversible adsorption. 714 
In contrast to Langmuir model, the Freundlich model proposes the formation of multilayer 715 
and reversible adsorption. This model emphasizes on the surface heterogeneity together with 716 
a non-uniform distribution of adsorption heat and different adsorption affinity of solute 717 
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towards the surface sites. The Freundlich model is described by the following equation (Eq. 718 
3): 719 
eFe logC
n
1logKlogq  ««««««««««««««(T 3 720 
where, KF is denoted as distribution coefficient (L gí1) and n is the empirical constant. The 721 
value of n is derived from the slope between log Ce vs log qe curve while KF is calculated 722 
through the intercept of the Freundlich isotherm plot.  723 
 724 
S2. Adsorption kinetic model  725 
Pseudo-first order (Lagergren Model) and pseudo-second order models are expressed as Eq. 4 726 
&5, respectively: 727 
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t  ««««««««««««««««««(T 5 729 
where, qe is the adsorption capacity (mg gí1) at equilibrium, qt (mg gí1) is the adsorption 730 
capacity at time t (min), and k1 (miní1) and k2 (g mg-1 min-1) is the pseudo-first order and 731 
pseudo-second order rate constant, respectively. 732 
Intra-particle diffusion model is described as (Eq.6): 733 
Ctkq 1/2it  «««««««««««««««««(T6 734 
where, qt (mg g-1) is the adsorption at time t (min), and ki (mg g-1 min0.5) is the intra-particle 735 
diffusion rate constant while the intercept C represents the boundary layer thickness.  736 
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SI Fig. 1: Influence of pH on Pb(II) removal by palygorskite-iron oxide nanocomposite (at 739 
25°C with 150 agitations min-1 and 5 g L-1 adsorbent loading) 740 
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39 
 
  746 
SI Fig.3: Changes in zeta potential values with pH; palygorskite (Pal), iron oxide (IO), and 747 
palygorskite-iron oxide nanocomposite (Pal-IO) 748 
 749 
SI Table 1: Values of separation factor, RL, calculated from the Langmuir isotherm constants 750 
(KL) at different initial Pb(II) concentration for palygorskite (Pal), iron oxide (IO), and 751 
palygorskite-iron oxide nanocomposite (Pal-IO) at 25°C 752 
Initial 
concentration 
(mg L-1) 
RL value 
Pal IO Pal-IO 
20 0.2693 0.5567 0.1415 
50 0.1285 0.3344 0.0618 
70 0.0953 0.2641 0.0450 
100 0.0686 0.2008 0.0319 
200 0.0355 0.1116 0.0162 
300 0.0240 0.0773 0.0109 
500 0.0145 0.0478 0.0065 
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